Structures, energies, and vibrational spectra of water undecamer and dodecamer: An ab initio study 12 ͔. At the level of Møller-Plesset second-order perturbation theory using TZ2Pϩϩ basis set, the lowest-energy conformer of the undecamer has the skeletal structure of Prism56 that a cyclic pentamer and a cyclic hexamer are fused into a prism shape with 16 hydrogen bonds ͑HBs͒. In this case, there are quite a number of nearly isoenergetic conformers with different hydrogen orientations. Among these, more stable conformers tend to have dangling H atoms separated ͑i.e., less clustered͒. The lowest energy conformer of the undecamer is different in hydrogen orientation from any previously suggested structure ͑including the ones obtained from various minimization algorithms͒. A second lowest energy skeletal structure is of Prism56 B that a cyclic pentamer and an open-book hexamer are fused into a prism shape with 17 HBs. The most stable dodecamer is a fused cubic or tetragonal prism skeletal structure ͑Prism444͒ with 20 HBs. The lowest energy structure among these skeletal conformers has HB orientations with opposite helicities between adjacent tetragonal rings. The second lowest-energy skeletal structure is the hexagonal prism structure ͑Prism66͒ with 18 HBs fused by two cyclic water hexamers. The OH stretching vibrational spectra and electronic properties of several low energy conformers of (H 2 O) 11, 12 
I. INTRODUCTION
Small water clusters (H 2 O) nр10 have been extensively studied in the recent past. The work on water clusters was initiated by the pioneering work of Pimental and co-workers on the IR O-H vibrational spectra of the water dimer. 1 This spectral study was followed by the work of several groups. [2] [3] [4] Since Dyke and co-workers 5 reported the water dimer structure using microwave spectroscopy, there has been exciting progress in experimental studies of water clusters. The binding energy and various thermodynamic properties of the water dimer were first reported by Curtiss et al. 6 Saykally and co-workers have determined the rotational constants of the water dimer to hexamer. 7, 8 Zwier and collaborators have reported the OH vibrational spectra of benzene-(H 2 O) 1 -9 complexes. 9, 10 The OH vibrational spectra of pure (H 2 O) 2 -5 were reported by Huisken, 11 and those of pure (H 2 O) 7 -10 by Buck and co-workers. 12 Miller and co-workers 13 have identified a local minimum energy structure of the cyclic water hexamer using the quenching technique with He evaporation.
Early theoretical studies of water clusters were limited to the dimer and small cyclic clusters. One of us ͑K.S.K.͒ initiated the study of various low-lying energy conformers for water clusters (H 2 O) 4 -8 using a simulated annealing Monte Carlo method employing various ab initio derived two-body to four-body interaction potentials and using ab initio methods.
14 These predicted minimum energy structures are found to be in excellent agreement with the experimental findings. [7] [8] [9] [10] [11] [12] [13] Owing to the nature of several isoenergetic conformers of the water hexamer responsible for the facile structural changes between two dimensions and three dimensions, [14] [15] [16] the hexamer has been extensively investigated by a number of theoreticians, [17] [18] [19] [20] [21] [22] in particular, by the groups of Dykstra, 17 Jordan, 18 Clary, 8, 19 and Kim. 20 In addition, the minimum energy structures of the water heptamer, octamer, nonamer, and decamer have also been studied, in particular, by the groups of Buch, 12 Sadlej, 12 Jordan, 23 Zwier, 24 and Kim. 25 Very recently, we have investigated conformers of the water dimer to decamer using extensive ab initio calculations, comparing these spectra with the experiments. 16 There are several reports of the structures of medium size water clusters, (H 2 O) nϾ10 based on semiempirical calculations ͑by Khan, 26 Masella and Flament, 27 and Singer and co-workers 28 ͒ or empirical potentials ͑by Niesse and Mayne, 29 Wales and Hodges 30 ͒. However, there are few ab initio theoretical studies of these clusters. 21, 31 As for the ab initio studies, we previously compared three selected skeletal structures of neutral (H 2 O) 12 based on HF/6-31ϩϩG* calculations during the investigation of the anionic water dodecamer. 32 The Prism444 structure ͑struc-ture ''C'' in Ref. 32͒ , which has opposite helicities of HB orientations between adjacent tetragonal rings, was the lowest one among the neutral (H 2 O) 12 followed by the hexagonal prism structure Prism66 ͑structure ''H'' in Ref. 32͒ , which again has opposite helicities of HB orientations between two hexagonal rings ͑Fig. 1͒. Another closed shell structure Prism363 ͑structure ''S'' in Ref. 32͒ comprised of fused trigonal-hexagonal-trigonal rings ͓in consideration of dodecahedron structures of (H 2 O) 20 suggested by J. L. Kassner and D. E. Hagen 33 and Castleman and co-workers 34 ͔ was somewhat high in energy.
As for the empirical studies of (H 2 O) nϭ11,12 , Niesse and Mayne, 29 on the basis of TIP3P potential, reported that the lowest energy conformer of (H 2 O) 11 is a Prism56 skeletal structure fused by a cyclic hexamer and pentamer ͑Prism56-134 in Fig. 1͒ and that of W12 is a tetragonal prism skeletal structure of Prism444. But Wales and Hodges 30 reported that at the TIP3P level the two structures are actually not the lowest energy structures, but the lowest energy structure of (H 2 O) 11 is Prism56-13, which has different HB orientations from Prism56-134, and that of (H 2 O) 12 is a hexagonal prism structure of Prism66 wherein two cyclic hexamers are fused. They also reported the lowest energy structures based on the TIP4P potential; the lowest energy structure of (H 2 O) 11 is a Prism56 B structure ͑which will be defined in our terminology as a fused structure with a pentagonal pentamer and an openbook-shape hexamer͒, and that of the (H 2 O) 12 is a tetragonal prism skeletal structure of Prism444Љ which has all the same helicities of H-bond orientations in the three tetragonal rings.
Therefore, the structures of (H 2 O) 11, 12 are controversial.
Furthermore, no reliable ab initio energetics and spectra of these clusters have been reported. Therefore, here we report the structures, energies, electronic properties, and spectra of the water undecamer ͑W11͒ and dodecamer ͑W12͒ clusters, using the same level of calculational accuracy as in our previous work of water monomer to decamer.
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II. CALCULATION METHODS
To locate the low-lying energy structures of neutral water undecamer and dodecamer, we employed empirical water potentials of the transferable intermolecular potential using four points ͑TIP4P͒ 35 and the Matsuoka-ClementiYoshimine potential ͑MCY͒.
36 All possible topological structures with different HB orientations for the lowest energy skeleton of the water clusters have been investigated. Then, the Becke-3-Lee-Yang-Parr ͑B3LYP͒ method of the density functional theory was used to calculate the optimal geometries and vibrational frequencies. The 6-311ϩϩG** basis set with 6d components was used. The second-order Møller-Plesset perturbation ͑MP2͒ method with DZP and TZ2P basis sets was applied to optimize the structures. Core basis sets were frozen ͑FC͒ in the MP2/TZ2P calculations. To obtain more reliable binding energies, the MP2 calculations using the TZ2Pϩϩ basis set (MP2/TZ2Pϩϩ) were carried out at the MP2/TZ2P-predicted geometries.
The zero-point-energy ͑ZPE͒ and thermal energy corrections were done with the B3LYP/6-311ϩϩG** results. The interaction energies without and with ZPE correction will be denoted as ⌬E e and ⌬E 0 , respectively. The basis set superposition error ͑BSSE͒ corrections were also done with the counterpoise method. However, for mid-size basis sets, full BSSE correction often underestimates the binding energies due to the underestimation of dispersion energy. Thus, 50%-BSSE correction has often been quite successful in predicting binding energies of various molecular systems. 16, 20, 37, 38 We use the following notations to denote the energies with 100%-BSSEC (⌬E B ), no BSSEC (⌬E N ), and 50%-BSSEC (⌬E). The free energy changes (⌬G T ) of chiral systems were corrected by ϪRT ln 2, 39 respectively, where R is the gas constant and T is temperature. All calculations were performed using a GAUSSIAN 94 suite of programs.
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III. RESULTS AND DISCUSSION
A. Structures and stabilities
Structures of W11 and W12 are shown in Fig. 1 Fig. 1 for the numbering scheme. In the second column, the water molecules with the proton donor from the five-membered ring to the six-membered ring are given. In the third and fourth columns, the water molecules with a dangling H atoms (H d ) in the five-and six-membered rings are denoted, respectively. In the fifth column ͑with two subcolumns͒, the water molecules with adjacent H d 's are given; then in the sixth column, the number of pairs of adjacent H d 's ͑No. pairs͒ are listed. As the number of the pairs increases, the repulsion energy due to the adjacent H d 's increases, resulting in less stability of the cluster. Table II . It should be noted that the lowest energy conformers are different depending on calculation level. Of course, the reliability of empirical potentials should be tested with high level ab initio calculations. Although B3LYP tends to give reliable energies, it sometimes fails to give correct predictions in the case of strained structures, because it tends to give more stability for floppy planar structures over highly strained caged structures. 16, 20 On the other hand, MP2/TZ2Pϩϩ results are considered to be highly reliable in view of our previous work on (H 2 O) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . 16 Thus, our discussion will be based on these MP2/TZ2Pϩϩ results, unless otherwise specified. Hereafter, we will denote B3LYP/6-311ϩϩG** and MP2/TZ2Pϩϩ calculations simply as B3LYP and MP2 calculations, respectively.
The skeletal shape of Prism56 can have 20 topologically different conformers with different HB orientations. Among these, more stable conformers tend to be less clustered ͑with dangling H atoms separated͒. Thus, the MP2 method ͑i.e., MP2/TZ2Pϩϩ͒ predicts that the lowest energy conformer of W11 is Prism56-24. This conformer is different in HB orientation from any previously suggested structure ͑including the ones obtained from various minimization algorithms͒. Skeletal shapes of Prism56 B and Prism443 are slightly higher in energy than the lowest energy conformer of Prism56. A second lowest energy skeletal structure is of Prism56 B where a cyclic pentamer and an open-book hexamer are fused into a prism shape. In the case of W12, a fused cubic or tetragonal prism skeletal structure ͑Prism444͒ is predicted to be the most stable. The lowest energy structure among these skeletal conformers has HB orientations with all opposite helicities between the adjacent rings. The second lowest energy skeletal structure is the hexagonal prism structure ͑Prism66͒ fused by two cyclic water hexamers.
We compare the consistency of the results of four different methods ͑TIP4P, MCY, B3LYP, and MP2͒ in relative stability of various conformers of (H 2 O) 11, 12 . The lowest energy conformer of W11 predicted by MP2 is also found to be the lowest energy conformer by MCY and B3LYP. However, the TIP4P predicted lowest energy conformer is Prism56 B Ј. It should be noted that the present TIP4P structure is lower in energy than the previously reported TIP4P lowest energy structure (Prism56 B ), 30 which was obtained from the global minimization algorithm. Overall, the MCY, B3LYP, and MP2 methods give almost identical relative stabilities for various conformers of W11, while TIP4P results are slightly off the three results. On the other hand, in the case of W12, B3LYP predicts Prism66 as the lowest energy conformer, while other three methods ͑TIP4P, MCY, and MP2͒ predict Prism444 as the lowest energy conformer. Therefore, TIP4P and B3LYP have failed to locate the lowest energy structures of W11 and W12, respectively, while MCY results are overall quite consistent with the MP2 results.
Based on the MP2/TZ2Pϩϩ interaction energies ͑ZPE-uncorrected ⌬E e , ZPE-corrected ⌬E 0 ͒ in Table III , the W11:Prism56-24Љ structure ͑with same HB helicities for pentagonal and hexagonal rings͒, which is topologically the same as the most stable W11:Prism56-24 structure ͑with opposite HB helicities͒, is nearly isoenergetic to the latter ͑within 0.09 kcal/mol in ⌬E e and ⌬E 0 ͒. The next lowest energy conformer is Prism56-135, which has small repulsions between two pairs of adjacent dangling H atoms ͑No. 10-11-6 in Prism56-135 in Table II͒ since water molecule 11 is quite flexible ͑not strained͒. This structure is 0.19 kcal/mol ͑in ⌬E e ͒ and 0.32 kcal/mol ͑in ⌬E 0 ͒ higher than the lowest energy conformer. In the case of W12, the W12:Prism444 is 1.54 kcal/mol ͑in ⌬E e ͒ and 0.59 kcal/mol ͑in ⌬E 0 ͒ more stable than the W12:Prism66 at the MP2/TZ2Pϩϩ level.
As shown at various levels of calculation of the interaction energies for (H 2 O) 11, 12 in Table III, with those of the B3LYP/6-311ϩϩG** and MP2/TZ2Pϩϩ//MP2͑FC͒/TZ2P levels. The ZPEs at the MP2/DZP level have a tendency to be slightly overestimated in comparison with those of the B3LYP/6-311ϩϩG** and MP2/TZ2Pϩϩ//MP2͑FC͒/TZ2P levels in the study of water monomer to decamer. 16 A similar trend was noted in small water clusters. 16, 20 Table IV lists the geometric parameters ͑the average O-O distances of interacting water molecules, the minimum O-O-O angle, and the rotational constants͒ and electronic properties ͑dipole moments, polarizabilities and quadrupole moments͒. 11, 12 with respect to the frequencies ͑v 3 , v 1 , and v 2 ͒ of water monomer and IR intensities as subscripts. The B3LYP IR spectra in terms of shifted frequencies with respect to the average (3869cm Ϫ1 ) of symmetric (v 1 ) and asymmetric (v 3 ) OH stretch frequencies of the monomer are shown in Fig. 2 . Each monomeric water in these water clusters can be identified by HBinteraction type in terms of proton donor ͑''d''͒ and proton acceptor ͑''a''͒, as listed in Table I . The single-proton-donor type monomeric water ͑''da'' and ''daa''͒ has a free dangling proton (H d ). In Fig. 3 , the frequency shifts are classified in terms of the HBinteraction type in the neutral water undecamer and dodecamer.
B. Vibrational frequencies
The order of redshifts of OH stretching frequencies with respect to the average value of v 3 and v 1 of the monomer is The IR intensities of double proton donor-type waters ͑''dda'' and ''ddaa''͒ in asymmetric OH stretching modes (v 3 ) are strong, while the intensities of single donor-type waters ͑''da'' and ''daa''͒ are strong in symmetric OH stretching modes (v 1 ). The order of blueshifts of bending frequencies with respect to that of monomer is ''ddaa'' Ͼ''dda''Ͼ''daa''Ϸ''da. ' 
IV. CONCLUSION
Based on the MP2/TZ2Pϩϩ calculations at the MP2/ TZ2P-optimized geometries, the lowest energy conformer of the undecamer is W11:Prism56-24 ͑a fused structure by cyclic water pentamer and hexamer͒, followed by Prism56-24Љ and Prism56-135. Among the clusters with the same and opposite HB helicities, the latter tends to be slightly more stable. Among the nearly isoenergetic conformers with the same skeleton of Prism56, dangling H atoms tend to be separated as much as possible, and so the structure with less clustered dangling H atoms tend to be more stable. The second low energy skeleton is Prism56 B . The lowest energy conformer of the dodecamer is W12:Prism444, followed by Prism66. From the comparison of TIP4P, MCY, B3LYP, and MP2 results, TIP4P and B3LYP predict incorrect structures for the undecamer and dodecamer, respectively. Overall, MCY results are in better agreement with the extensive MP2 calculations. The B3LYP/6-311ϩϩG** OH vibrational spectra of low-lying energy conformers of undecamer and dodecamer are reported for future experiments.
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